Abstract Rapid structural damage assessment methodologies are essential to properly allocate emergency response and minimize business interruption due to downtime in the aftermath of earthquakes. Within this context, data-driven algorithms supported by sensing capabilities can be potentially employed. In this paper, we evaluate an extensive number of damage indicators computed based on nonmodel-based system identification techniques and wavelet analysis. The efficiency of these indicators to infer the damage state of conventional steel moment-resisting frames (MRFs) and concentrically braced frames (CBFs) is evaluated through the utilization of landmark full-scale shake table experiments that examined the inelastic behavior of such frames at various seismic intensities. The same data is complemented with numerical simulations of multi-story steel MRFs and CBFs with the overarching goal to identify potential limitations and propose refinements in commonly used damage indicators for rapid seismic risk assessment. It is shown that wavelet-based damage sensitive features are well correlated with commonly used storybased engineering demand parameters that control structural and non-structural damage in conventional steel frame buildings.
Introduction
In the context of earthquake risk management, cities in earthquake prone regions should have the ability to ''respond'' fast in the aftermath of an earthquake (Bruneau et al. 2003) . Therefore, simulation tools are needed to infer the damage state of a structure. Conventional damage assessment techniques typically require the explicit utilization of sophisticated nonlinear model representations of structures, followed by detailed engineering inspections (Tremblay et al. 1996; Uang et al. 1997; Mahin 1998) . Therefore, a considerable time investment is inevitable. Detailed knowledge of the building geometry and material properties is also necessary. To this end, the development, refinement and utilization of nonmodel-based damage diagnosis approaches is emerging.
A number of structural health monitoring (SHM) techniques for damage diagnosis exist. Structural damage is typically inferred based on changes in basic dynamic structural properties [e.g., natural frequency, damping ratio, mode shape(s)] (i.e., vibration-based methods) (Lynch et al. 2016) . These changes are either traced in time or frequency domain (Rodgers and Ç elebi 2006; Ji et al. 2011; Moaveni et al. 2011; Kim and Lynch 2012; Chang and Pakzad 2013; Ikeda 2016) .
Most of the aforementioned techniques have been historically validated with idealized scale models of structures in which damage was artificially induced with a sudden loss of stiffness or strength. A well-known example is the benchmark study that was conducted by the International Association for Structural Control (IASC)-ASCE and provided insights into several SHM techniques (Bernal and Gunes 2004; Caicedo et al. 2004; Hera and Hou 2004; Luş et al. 2004; Yuen et al. 2004 ). However, due to the similitude and the way that damage was introduced (i.e., either removal/re-installation of brace members or looseness of bolts) it is quite challenging to relate a number of the findings to the actual inelastic response of capacity-designed structures in which the damage progression follows a certain failure mode hierarchy that does not typically involve premature failures. This is confirmed by several shake table tests conducted in recent years in more realistic scales (Ozcelik et al. 2008; Suita et al. 2008; Ji et al. 2011 Okazaki et al. 2013a ) as well as past reconnaissance reports (Okazaki et al. 2013b; MacRae et al. 2015) . In that respect, the role of landmark data from largescale shake table tests becomes important to further challenge the validity of SHM techniques and highlight potential limitations and future challenges in their further implementation (Nakashima et al. 2010) . Few attempts have been made in this direction (Pakzad and Fenves 2009; Saito and Beck 2010; Ji et al. 2011; Moaveni et al. 2011; Chang and Pakzad 2013; Ikeda 2016) . In particular, Saito and Beck (2010) proposed a Bayesian framework for model order selection of autoregressive with exogenous term (ARX) (Pakzad and Fenves 2009) for system identification of an instrumented high-rise building in Tokyo. This study suggested that although the building experienced 43 earthquakes over a period of 9 years no significant change in the natural frequencies of the building was observed. In a more recent study, Ikeda (2016) evaluated a system identification method by utilizing shake table test data of a full-scale 4-story steel frame building tested through collapse (Suita et al. 2008) . When the building was damaged, its natural frequencies decreased whereas the damping coefficients increased. In a recent study, Ji et al. (2011) utilized test data from a 4-story steel frame building that was tested at full-scale on the E-Defense shake table. They illustrated that the building's natural frequencies decreased by less than 12% even when beam local buckling and connection fractures occurred. According to the same study, changes in the dynamic characteristics of the building can hardly trace the geometric location and severity of structural component damage.
Typically, localized damage detection requires a high density of instrumentation (Labuz et al. 2010; Li et al. 2017 ). This increases the labor cost of installation and operation as well as the computation cost to handle the large volume of sensor data (Chang and Pakzad 2014b) .
Recent studies (Nair and Kiremidjian 2007; Cruz and Salgado 2009; Noh et al. 2011 Noh et al. , 2012 Solís et al. 2013 ) have utilized signal processing techniques in which the wavelet transform (Mallat 1999 ) is employed to infer the structural damage state at a given seismic intensity. However, one of the main challenges for their further deployment for earthquake risk assessment is how to establish a relationship between the changes of structural vibration characteristics due to structural damage and typical story-based engineering demand parameters (EDPs).
This paper has two main objectives. It first focuses on the evaluation of a wealth of damage identification techniques for capacity-designed steel frame buildings with either steel moment-resisting frames (MRFs) or concentrically braced frames (CBFs). Several damage indicators derived from frequency-and time-domain algorithms as well as wavelet transformations are considered for this purpose. The evaluation is conducted on the basis of (a) unique full-scale shake table test data conducted at the world's largest shake table at E-Defense in Japan; and (b) virtual data from computer simulations based on state-of-theart nonlinear building models that capture cyclic and in-cycle strength and stiffness deterioration. The aim is to develop recommendations on the use and limitations of these indicators for earthquake-induced damage identification of conventional steel lateral loadresisting systems. A refined wavelet-based damage sensitive feature is also proposed that can be utilized in steel frame buildings influenced by higher mode effects. Finally, a relationship between the damage indicators and characteristic story-based EDPs is established at a given seismic intensity. This relationship can facilitate the earthquake-induced risk assessment of steel frame buildings in the context of performance-based earthquake engineering.
Review of common damage identification techniques
In classical system identification techniques, structural damage is typically identified based on measured changes in the structure's basic dynamic properties (e.g., natural frequencies, mode shapes and damping ratios) traced in frequency-and/or time-domain. To this end, three system identification algorithms are considered in the context of this paper. The first one is the frequency domain decomposition (FDD), which is an output-only version of the conventional complex mode indicator function (CMIF) as discussed in Shih et al. (1988) and Peeters and Ventura (2003) . This algorithm is based on singular value decomposition (SVD) methods applied to multiple reference frequency response function (FRF) system identification algorithms (Shih et al. 1988; Brincker et al. 2001; Peeters and Ventura 2003) ; the second one is the autoregressive (AR) with exogenous term (ARX) method, which provides parametric estimates of vibration modes from acceleration response data in the time domain (Pakzad and Fenves 2009) ; the third one is the numerical algorithm for subspace system identification (N4SID) (Overschee and Moor 1994) to estimate a statespace model as a set of input, output and state variables using a subspace method to estimate a state-space model directly from an arbitrary set of input and output matrices. This provides the physical parameters of the system in the time domain. Extensive studies on the capabilities of other output-only system identification techniques can be found in Moaveni et al. (2011) and Chang and Pakzad (2014a) .
Wavelet-based approaches (Hera and Hou 2004; Nair and Kiremidjian 2009; Noh et al. 2011 Noh et al. , 2012 Aguirre et al. 2013; Balafas and Kiremidjian 2015) that are based on recent advancements in signal processing can be utilized to characterize the extent of the observed structural damage. This is typically achieved by monitoring the changes of damage sensitive features extracted from wavelet analysis. The basis of the four damage identification techniques is briefly described in the subsequent sections.
Frequency domain decomposition method
The FDD method is an output-only system identification technique that is typically used when response data is only available (Brincker et al. 2001 ). The mathematical relationship between the input excitation, x(t) and the output responses, y(t) is defined as follows,
in which S xx is the power spectral density (PSD) matrix of the input excitation, x(t); S yy is the PSD matrix of the output response; H is the frequency response function matrix; and H H is the complex transpose conjugate of H. When applying the singular value decomposition method to Eq. (1), the output PSD matrix can be decomposed. The standard assumption for the development of the FDD method is that the input excitation x(t) is ideally a white noise and stationary. At known natural frequencies, the building's mode shapes can be identified based on the singular vectors. Therefore, this method can be utilized for structural damage detection by monitoring the changes in these properties relative to the dynamic properties of the undamaged state. More details regarding the theoretical background of the FDD method can be found in Brincker et al. (2001) .
Autoregressive with exogenous term method
The ARX method uses least squares to estimate the dynamic properties of a multi-degreeof-freedom (MDF) system from recorded absolute acceleration data in the discrete time domain. This model is mathematically defined as follows,
in which M is the model order of the ARX model; x(n) and y(n) are the p-dimensional input and q-dimensional output vectors, respectively; e(n) is the residue error vector; and A i and B i are the p 9 p and q 9 p coefficient matrices of the autoregressive (AR) polynomial and exogenous (X) input. The model in Eq. (2) may be re-written as follows,
in which
The parameter matrix, H can be estimated based on the least square method as follows, arg min
The AR coefficient and X input matrices are used to formulate the system matrix of equations. The dynamic properties of a MDF system are estimated by eigenvalue decomposition of the system matrix (Pakzad and Fenves 2009 ). Due to random noise, it is common that spurious modes are induced. In this case, a stable mode is estimated by changing the order of the ARX model. A stabilization diagram (Pakzad and Fenves 2009; Ji et al. 2011 ) is typically used for this purpose. From this diagram, stabilization occurs when the relative differences of the dynamic properties identified using two different model orders are within 5, 10 and 5% for the natural frequencies, the damping ratios, and the modal assurance criterion (MAC) of the mode shapes (Chang and Pakzad 2013) , respectively.
Numerical algorithm for subspace system identification method
The N4SID method is an identification technique to estimate an nth-order state-space model using input/output data as discussed in Kim and Lynch (2012) . The mathematical form of N4SID is briefly introduced as follows,
in which A 2 < nÂn , B 2 < nÂm , C 2 < lÂn , and D 2 < lÂm are state-space matrices; u k 2 < mÂ1 is a vector of m measured inputs at time step k, y k 2 < lÂ1 is a vector of output at time step k and x k 2 < nÂ1 is n-dimensional unknown discrete state vector; w k 2 < nÂ1 and v k 2 < lÂ1 are Gaussian distributed with zero-mean, white noise vector sequences. The covariance matrices of w k and v k are defined as follows,
in which Q 2 < nÂn , S 2 < nÂl and R 2 < lÂl . By assuming a linear system, the state and output in Eq. (7) are split up in a deterministic and a stochastic component as follows,
When the stochastic state process x s k is stationary, the state covariance matrix R can be defined as follows,
The problem statement for the identification of a linear-invariance system can be stated as optimal estimation of A, B, C, D, Q, R and S given the measured input sequence (i.e., u 0 , u 1 ,…, u N-1 ) and output sequence (i.e., y 0 , y 1 ,…, y N-1 ) as N ? ? by using numerical methods such as the QR factorization (Overschee and Moor 1994) . Once the mathematical description of the state-space model is constructed, dynamic properties can be determined based on eigenvalue decomposition. More details about the mathematical formulation of the N4SID method and its application to various structures can be found in Overschee and Moor (1994) and Kim and Lynch (2012) .
Wavelet-based damage sensitive features
In recent years, wavelet-based methods have been proposed for the structural damage identification [e.g., Hera and Hou (2004) ; Nair and Kiremidjian (2009); Noh et al. (2011 Noh et al. ( , 2012 ; Aguirre et al. (2013) ; Balafas and Kiremidjian (2015) ]. Given a scale parameter a [ 0, and a time shift parameter b, the continuous wavelet transform can be mathematically described as follows,
in which f(t) is response history data; w(t) is the mother wavelet function (in this paper, Morlet wavelet basis function (Morlet et al. 1982 ) is used as a mother wavelet); and * is the complex conjugate. A set of basis functions, which are termed as daughter wavelets, is established by continuously dilating and translating the mother wavelet function, w(t). The continuous wavelet transform coefficients, C(a, b) are then obtained by convoluting basis functions (i.e., Morlet wavelet basis functions (Morlet et al. 1982) ) and response history data, f(t) (e.g., recorded absolute acceleration response history at the building roof). Noh et al. (2011 Noh et al. ( , 2012 introduced the damage-sensitive features (DSFs) based on a continuous wavelet transform algorithm. The mathematical form of the wavelet-based DSFs is defined as follows,
in which, E scale(â) is the wavelet energy at scale â over time as defined in Nair and Kiremidjian (2007) . This energy can be computed as follows,
Referring to Eq. (12), the total wavelet energy, E tot of the acceleration response data is the sum of the wavelet energies over time at the pre-defined scales. In this paper, two different methods for the computation of the total wavelet energy, E tot are used: (1) the first one was proposed in Noh et al. (2011) . In this case, E tot is the sum of the wavelet energies over time at scales at â and 2â that correspond to the first and half of the first natural frequency of the building under consideration, respectively (i.e., â is the scale when pseudo-frequency of the daughter wavelet is equivalent to the first natural frequency of undamaged state). Hereafter wavelet-based DSF computed based on this normalization method is noted as DSF 1 ; and (2) the second one was also proposed by Noh et al. (2012) in a later study. In this case, E tot is defined as the sum of the wavelet energy of response history data, f(t) at all dyadic scales as follows,
in which M and N are the minimum and maximum dyadic scales, respectively, determined such that, (AIJ 2007; AISC 2010b) . The second one employs a code-compliant CBF (Lehman et al. 2008; AISC 2010b) . The progression of structural damage observed in the test structures is well documented (e.g., formation and extent of flexural hinging in steel beams and columns, steel brace flexural buckling and fracture) and reflects the damage progression that capacity-designed structures experience during an earthquake. Furthermore, the progression of structural damage is well correlated with story-based EDPs such as peak story drift ratios (SDRs), peak absolute floor accelerations (PFAs) and residual SDRs. In order to investigate the efficiency of the SHM techniques discussed in Sect. 2 in predicting structural damage in cases that higher mode effects may strongly influence the structural response, the shake table test data are complemented with simulation results from a nonlinear building model of an 8-story steel frame building with MRFs. The efficiency of the employed SHM techniques in predicting the redistribution of forces after the occurrence of structural damage in steel CBFs is further assessed with a nonlinear building model of a 3-story steel frame building with CBFs. The subsequent sections provide a brief description of each case study structure.
3.1 Full-scale 4-story steel frame building with MRFs tested through collapse Suita et al. (2008) conducted a full-scale shake table experiment that investigated the dynamic response of a 4-story steel frame building with MRFs [see Fig. 1a ] through collapse. The tests were conducted at E-Defense in Japan. The test structure was designed and constructed in accordance with the current Japanese practice (AIJ 2007) . The influence of the composite beam effects, autoclaved lightweight aerated concrete (ALC) external wall cladding panels, gypsum board partition walls and hanging ceiling system on the lateral resistance of the system were considered. Figure 1a , b show the test structure on the shake table and its plan and elevation view. The test structure was subjected to a 3-dimensional (3-D) shaking sequence based on the 20, 40, 60 and 100% intensities of the unscaled JR Takatori record from the 1995 Hyogo-Ken Nanbu (Kobe) earthquake. The 4-story building collapsed with a first-story mechanism after almost 7 s of ground motion shaking during the 100% JR Takatori record. Once the building fully lost its lateral load resistance (i.e., dynamic instability occurred) it rested on a rigid frame that its purpose was to protect the shake table (see Fig. 1a ). The seismic performance of the test structure from the onset of damage through structural collapse is well documented in prior studies (Suita et al. 2008; Lignos et al. 2013) . Figure 1c , d illustrate the peak SDRs along the height of the test structure in the x and y loading directions, respectively. From these figures, the structural damage in the one-bay steel MRF (see Fig. 1c ) was less than that observed in the two-bay steel MRF (see Fig. 1d ). The reason was that the east-west (E-W) component of the JR Takatori record, which was more damaging for the period range of interest, was applied in the y-loading direction. The test structure remained linear during the 20% scaled JR Takatori record and experienced minor flexural yielding at the base of its first story columns during the 40% scaled intensity. During the 60% scaled seismic intensity, the onset of local buckling was observed in the first story columns. Non-structural component damage was also evident. Finally, the test structure collapsed with a first-story sideway mechanism during the 100% of the unscaled JR Takatori record before it rested on the safety-catch ''anti-collapse'' frame as shown in Fig. 1a . Table 1 summarizes the dynamic properties for the first two vibration modes of the 4-story test structure. The ARX method is applied to the measured vibration data from a 3-D white noise excitation that was conducted prior to the main tests to estimate the dynamic characteristics of the building. Referring to Table 1, the computed dynamic properties are consistent with the values reported in prior studies (Suita et al. 2008; Lignos et al. 2013 ).
Single-story, chevron concentrically braced frame
In order to investigate the applicability of damage identification techniques for assessing structural damage in steel frame buildings with CBFs, we utilize the test data from a singlestory, single-span, chevron CBF conducted by Okazaki et al. (2013a) . The test structure represents the lower story of a 3-to 5-story steel frame building with CBFs commonly used in Japan. The bracing connections of the steel CBF were designed in accordance with the balanced design procedure proposed in Lehman et al. (2008) . Figure 2a , b show the CBF geometry and test bed, respectively. The test structure was subjected to a range of seismic intensities (14%, 2 9 28, 42 and 70%) of the E-W component of the JR Takatori record from the 1995 Kobe earthquake. Note that the test structure was subjected two times to the 28% of the unscaled JR Takatori intensity. Figure 2c shows the structural damage progression in terms of peak SDRs with respect to the ground motion intensity. During the lower seismic intensities of the JR Takatori record, the steel braces buckled globally as intended (i.e., brace buckling occurred during the 28% scaled record). During the 70% of the unscaled JR Takatori intensity, both steel braces fractured near their mid-length due to low-cycle fatigue. This caused a significant lateral strength and stiffness loss to the test structure. During this motion, the steel beam also yielded near the column face once the peak SDR exceeded 1%. The reported damage progression reflects the typical one observed in code-compliant steel CBFs based on past reconnaissance reports and experimental studies related to the seismic performance of multi-story CBFs (Okazaki et al. 2013b; Lai and Mahin 2014; Sen et al. 2016) . After earthquake-induced brace fracture the framing action was such that could maintain the overall lateral stability of the steel CBF. More details regarding the performance of the test structure as well as its design specifics can be found in Okazaki et al. (2013a) . The natural frequency and the damping ratio of the undamaged test structure is tabulated in Table 1 . Its dynamic characteristics are identified based on vibration response data obtained from a white noise excitation test. A single-input/single-output ARX method was utilized for this purpose. Referring to Table 1, the test structure shows higher damping ratio (i.e., 5.3% damping) compared to the PEER/ATC-72-1 (PEER/ATC 2010) modeling recommendations for structural damping (i.e., 2.0% damping for structural steel systems with less than 30 stories). This is attributed to the measured friction between the slider and the test bed. This is further elaborated in Sect. 4.2.
Nonlinear building models
In an effort to highlight potential issues with damage identification techniques in multistory steel buildings the experimental data discussed in the previous sections are complemented with numerical simulations of an 8-story steel MRF building and a 3-story steel CBF building. These buildings have been deigned in accordance with the current North American seismic design practice (AISC 2010a, b) as standard office buildings in downtown Los Angeles. (Lehman et al. 2008) . Details regarding the building designs can be found in Lignos (2014, 2015) and NIST (2010) .
A 2-dimensional (2-D) numerical model of the steel frame buildings in the E-W direction [see Fig. 4a , b] is developed in the Open System for Earthquake Engineering Simulation (OPENSEES) Platform (release version 2.5.0) (McKenna 1997) . The steel beams and columns in the MRF are modeled as elastic elements with concentrated plasticity flexural hinges at their ends as shown in Fig. 4a . The modified Ibarra-Medina-Krawinkler phenomenological deterioration model (Ibarra et al. 2005; ) is assigned to the nonlinear spring elements. The modeling approach has been thoroughly validated with steel MRF shake table collapse experiments in prior studies (Lignos et al. 2009 (Lignos et al. , 2013 .
The steel braces of the 3-story CBF are modeled as discussed in Karamanci and Lignos (2014) . In brief, the nonlinear models explicitly simulate brace buckling and fracture initiation due to low-cycle fatigue, beam, and column cyclic deterioration in flexural strength as well as geometric nonlinearities. The nonlinear model specifics including the hysteretic response of a steel beam and a steel brace in comparison with experimental data is shown in Fig. 4 . The modeling approach in this case has been validated inelastic cyclic buckling and fracture component tests Lignos and Karamanci 2013b) Okazaki et al. 2013a ). The dynamic response of the 8-and 3-story steel frame buildings is investigated based on multiple nonlinear response history analysis (NRHA) with earthquake records that represent the seismic hazard at the design location for both buildings. In particular, the numerical model of the 8-story steel MRF building is subjected to the 'IV79 cal' ground motion record of the Calipatria Fire Station from the 1979 Imperial Valley earthquake in Southern California. The numerical model of the 3-story CBF building is subjected to the fault normal component of the Canoga Park record from the 1994 Northridge earthquake. It should be noted that although the ground motion records used in the virtual simulations are different than those employed in the shake table experiments discussed earlier, they pronounce the influence of higher mode effects on the dynamic response of the examined steel frame buildings. This is done in an attempt to highlight potential limitations of the damage indicators that are explored in Sect. 4. The EDPs of interest (i.e., peak SDRs, PFAs, residual SDRs) of each frame building are obtained for each ground motion from the onset of structural damage through the occurrence of structural collapse. Collapse herein is defined as the point that a story or a number of stories displace sufficiently such that P-Delta effects accelerated by component deterioration in strength and stiffness fully offset the first order story shear resistance of the steel MRF and CBF. This definition of collapse is consistent with prior shake table collapse experiments (Suita et al. 2008; Lignos et al. , 2013 . Figure 5a illustrates the pseudo spectral acceleration, S a (T 1 , 5%) at the first mode period of each frame building with respect to the absolute maximum SDR along the height of the frames at several ground motion intensities. The vertical axis is normalized with respect to the S a (T 1 , 5%) corresponding to the design-basis seismic intensity. Referring to Fig. 5 , once the curves become flat, dynamic instability occurs (i.e., sidesway collapse). Figure 5b , c show the distribution of peak SDRs along the height of the steel MRF and CBF, respectively, at selected seismic intensities. From Fig. 5c , it is evident that the 3-story CBF tends to form a weak story due to the concentration of plastic deformations within the first story. Referring to Fig. 5b , the collapse mechanism of the 8-story steel MRF building involves its first three stories. The observed damage progression with respect to the increased seismic intensity is deemed to be representative of code-compliant steel frame buildings (NIST 2010).
4 Efficiency of system identification techniques for assessing structural damage in steel frame buildings
This section examines the efficiency of the various system identification techniques presented in Sect. 2 for assessing the structural damage in code-compliant steel MRFs and CBFs at various ground motion intensities. The shifting in natural frequencies, damping ratios and mode shapes of the test structures are employed as potential damage indicators based on the FDD, ARX and N4SID system identification techniques. When the waveletbased damage identification technique is employed, the normalized DSFs are utilized as potential damage indicators. In all the examined cases, the absolute floor acceleration response histories of the test structures are utilized for quantifying the corresponding damage indicator. Due to brevity, representative results obtained from few of the test structures discussed in Sect. 3 are presented in the subsequent sections. The discussion is grouped per lateral load-resisting system (i.e., steel MRF/CBF). Figure 6 illustrates the identified dynamic properties of the 4-story steel MRF tested at E-Defense in the y-loading direction based on the three system identification algorithms discussed in Sects. 2.1-2.3 (i.e., FDD, ARX and N4SID methods). The recorded absolute acceleration response data from a 0.08g amplitude white noise excitation was utilized for this purpose. Referring to Fig. 6 , the identified dynamic properties of the undamaged state of the test structure are used as a reference for its structural damage detection. Figure 6a shows the singular values of the PSD function matrix of the white noise acceleration response data of the same frame. The identified natural frequency and damping ratio of the first vibration mode are nearly the same with those reported in Yamada et al. (2008) . Figure 6b , c illustrate the stabilization diagram as well as the dynamic properties of the undamaged state of the 4-story MRF. From a comparison of Fig. 6b , c, it is found that the estimated values based on the N4SID method are very close to those estimated based on the ARX method. Figure 7 shows the identified natural frequencies based on the FDD, ARX and N4SID system identification techniques of the test structures with MRFs at various ground motion intensities. The corresponding decreases in the natural frequencies of these structures are quantified relative to the natural frequency of the undamaged state. Note that in the case of Fig. 6 Natural frequencies, mode shapes and damping ratios of the 4-story steel MRF building (y loading direction) tested at E-Defense structural collapse, a truncated signal is employed for the system identification that contains the response history from the beginning of the motion to the point that the structural system loses its lateral stability (i.e., dynamic instability occurs). Referring to Fig. 7 , the results indicate that the natural frequencies for both the first and second modes of the steel MRFs decrease while the seismic intensity increases (i.e., structural damage of the test structures progressively develops) regardless of the employed system identification technique. This is to be expected due to the flexural yielding and the onset of local buckling at the corresponding beam-to-column connections as well as flexural yielding at the base of the first story columns. Notably, the observed steel MRF natural frequency changes are small regardless of the employed system identification technique even at seismic intensities associated with structural collapse. For the 4-story steel MRF that collapsed with a firststory collapse mechanism at the 100% of the unscaled JR Takatori [see 100% in Fig. 7a ] the corresponding decrease in the natural frequencies with respect to the ones of the undamaged state of the test structure is less than 40%. Same observations hold true for the 8-story steel MRF as shown in Fig. 7b . Referring to Fig. 7a , till after the occurrence of flexural yielding (i.e., 60% of the JR Takatori seismic record), the frequency decrease is negligible. However, at this intensity the composite floor system cracked and the beam yielding was developed (Suita et al. 2008 ). This is not traced by any of the system identification techniques employed in this paper. The FDD method seems to only pick up a 12% decrease in the first mode natural frequency. Similarly, at the ''collapse'' seismic intensity (i.e., 100% of the JR Takatori seismic record) with a first-story collapse mechanism, only the FDD method picks up a 35% decrease in the test structure's first natural frequency. As compared to the results obtained based on other system identification techniques (i.e., a 20% decrease for the ARX and N4SID), a larger decrease may be due to modeling and estimation errors in the FDD method in which the input excitation is assumed to be ideally white noise and stationary. It should be stated that according to the fundamentals of the dynamic analysis of stability, the eigen frequency of the equivalent elastic structure should be either zero or imaginary while the structure becomes unstable (Bažant and Cedolin 1991) .
Natural frequency as a damage indicator
From a comparison of Fig. 7a , b, the change in the natural frequency of the 4-story steel MRF tested at E-Defense is more rapid than that of the 8-story steel MRF. This is due to (b) (a) the fact that the former collapsed with a first-story mechanism; while the latter collapsed with a three-story collapse mechanism. However, Fig. 7 suggests that prior to structural collapse the lateral stiffness of code-compliant steel MRFs is not very sensitive to the damage progression of beam-to-column connections conditioned that the latter is attributed to flexural yielding and local buckling (i.e., ductile failure modes). This is also confirmed from Table 2 that tabulates the first two natural frequencies of the 8-story steel MRF based on the various system identification methods as well as eigenvalue analysis that was conducted once the steel MRF rested after the end of each ground motion. Notably, Rodgers and Ç elebi (2006) reached to similar conclusions based on work done on instrumented steel MRF buildings with low instrumentation density that experienced actual earthquake events. They also indicated that a decrease in the building's natural frequency extracted from vibration-based methods did not provide sufficient information regarding the identification of localized damage on the structural components (i.e., weld defects and small cracks in moment connections) of the instrumented building. Same observations hold true for the 8-story steel MRF as shown in Fig. 7b . Due to the steel beam lateral bracing requirements (AISC 2010b), lateral-torsional buckling was not triggered. This failure mode strongly influences the unloading stiffness of a steel beam and therefore the overall lateral stiffness of a steel MRF . Figure 8a , b show the identified natural frequencies and the corresponding frequency decrease of the test structures with CBFs discussed in Sects. 3.2 and 3.3. The steel brace damage state (i.e., elastic, brace buckling, brace fracture) is also indicated in the same figure to facilitate the subsequent discussion. Referring to Fig. 8a , the natural frequency decrease is practically negligible at low seismic intensities associated with a service-level earthquake (SLE) (i.e., 28% of the JR Takatori record). This is to be expected considering that the seismic response of the steel CBF was essentially elastic in this range. However, large decreases in the steel CBF natural frequencies are observed at seismic intensities that steel brace flexural buckling occurred. This geometric instability is associated with an appreciable loss of lateral stiffness of the CBF (Tremblay 2002; Lignos and Karamanci 2013a) ; the corresponding frequency decrease in this case is on the order of 20% at a seismic intensity of the 42% JR Takatori record (see Fig. 8a ). Referring to Fig. 8b , the frequency decrease of the 3-story CBF at the seismic intensities associated with a designbasis earthquake (DBE) (i.e., S a (T 1 , 5%) = 0.9g) is on the order of 30% regardless of the employed system identification technique. Fig. 8 , when at ultimate limit states (i.e., steel brace fracture) the corresponding fundamental frequency decrease is at least 60% with respect to that of the undamaged state. Steel brace fracture is associated with a considerable loss of the steel CBF's lateral stiffness (Karamanci and Lignos 2014) , and thus causes a significant decrease in the fundamental frequency of the steel CBF building. This indicates that damage identification techniques that rely on natural frequency changes can be promising in cases that the damage progression is associated with a rapid loss of lateral stiffness such as that observed in steel CBFs. This is not the case in code-compliant steel MRFs. In any case, the challenge of mapping story-based EDPs with frequency decreases for structural and non-structural damage control still remains.
Equivalent damping ratio and mode shapes as damage indicators
This section evaluates the efficiency of the damping ratio as a potential damage indicator for steel MRFs and CBFs. Conceptually, the equivalent viscous damping ratio increases when a structure behaves in its inelastic regime. This is due to the hysteretic energy dissipated through flexural yielding and buckling of beam-to-column connections and steel braces, respectively. Figure 9 shows the equivalent viscous damping ratios at various ground motion intensities based on the employed system identification techniques for the steel MRFs examined in this paper. The first mode equivalent viscous damping ratio in steel MRFs increases while the seismic intensity increases. Referring to Fig. 9a, b , depending on the employed system identification technique, the damping increase for the 4-story steel MRF is 17-106% for a design-basis earthquake in Japan (i.e., 40% of the JR Takatori record); the corresponding increase for the 8-story MRF is 85-175% at a DBE seismic intensity (i.e., S a (T 1 , 5%) = 0.40g). The former includes the composite floor slab as well as nonstructural components (i.e., ALC panels of the exterior walls and drywall partitions); the latter considers the bare steel MRF only. Minor flexural yielding was observed only at the first story column bases of the 4-story steel MRF. The second floor panel zones also yielded in shear at the same intensity. Therefore, at frequent seismic events damage in the (b) (a) Fig. 8 Identified natural frequency and frequency decrease in steel CBFs Bull Earthquake Eng (2018) 16:2971-2999 2987 composite slab and the non-structural content may mostly contribute to the energy dissipation. From Fig. 9a , these effects diminish at low probability of occurrence seismic intensities. The reason is that hysteretic energy dissipation due to flexural yielding and local buckling of the steel columns and beam-to-column joint panel zones becomes significant. In the case of the 8-story MRF building, at a DBE intensity a number of structural elements participate into the hysteretic energy dissipation because the distribution of peak SDRs is more or less uniform along the height of the MRF (see Fig. 5b ). Referring to Fig. 9a , at seismic intensities associated with structural collapse, the computed equivalent damping ratios are highly dependent on the employed system identification technique. Notably, the 8-story steel MRF develops a collapse mechanism that involves three stories and therefore more structural elements participate into the energy dissipation. However, the 4-story steel MRF tested at E-Defense collapsed with a first story mechanism; therefore, only limited number of elements (i.e., primarily the first story columns) dissipated hysteretic energy prior to collapse. These fundamental differences in the energy dissipation mechanisms of the two steel MRFs prior to the occurrence of structural collapse are not reflected well in the equivalent viscous damping ratios. Figure 10 shows the equivalent damping ratios for the single-and 3-story CBFs. The first mode equivalent damping ratios in steel CBFs tend to increase with respect to the increased ground motion intensity. However, in cases that friction damping contributes to the energy dissipation the equivalent viscous damping ratio could be misleading. In particular, if the ground motion intensity is small the equivalent viscous damping ratio would still be large indicating that there could be structural damage even though this would not be the case. This is shown in Fig. 10a for the single-story steel CBF tested at E-Defense. The white noise test indicates that the equivalent viscous damping ratio is fairy high (i.e., it ranges between 5.3 and 6.6%) regardless of the employed system identification technique. This is due to the friction of the test bed to the sliders (Okazaki et al. 2013a ). However, this issue diminishes after the 14% of the unscaled JR Takatori record because the inertia forces become larger than the corresponding friction forces. This issue is evident from the dynamic response of the 3-story CBF numerical model at very small seismic intensities (i.e., 0.2g). Because its numerical model represents the bare frame only (i.e., no friction exists), viscous damping only contributes to the system energy dissipation. This is successfully traced by the employed system identification techniques. Referring to Fig. 10 , the equivalent damping ratios remain practically the same if steel brace buckling does not occur. From the same figure, once brace flexural buckling occurs then there is a clear increase in the equivalent damping ratios. Contrary to the natural frequencies of the steel CBFs, the equivalent damping ratio seems to be insensitive to ultimate damage states associated with brace fracture. This observation holds true regardless of the employed system identification technique.
Another dynamic property of a structure that has been historically used as a potential damage indicator is the modal assurance criterion (MAC) that quantifies the degree of linearity between two modal vectors (Allemang and Brown 1982) . The one associated with a damaged structure and that associated with the mode shape of the undamaged one. The MAC values vary between 0 (indicating no consistent correspondence) and 1 (indicating a consistent correspondence). In the context of this paper, the MAC values are calculated for the mode shapes of each test structure at various ground motion intensities with respect to those of the corresponding undamaged state. Note that a MAC value larger than 0.9 indicates high consistent correspondence (Allemang and Brown 1982) . Table 3 tabulates the MAC values estimated for the examined steel MRFs. From this table, the observed changes in the steel MRF mode shapes is not significant even prior to structural collapse (i.e., all MAC values are larger than 0.9 regardless of the employed ground motion intensity). This is because the mode shape changes are small if the structural damage is distributed over the height of a frame structure. This is consistent with findings from prior studies . As stated earlier, another reason is the fact that in code-compliant steel MRFs designed in highly seismic regions, due to beam lateral bracing requirements, lateral torsional buckling does not typically occur. This geometric instability is associated with considerable changes in a steel MRF's lateral flexural stiffness . Table 4 summarizes the MAC values for the first two modes of vibration of the 3-story CBF at a given ground motion intensity. From this table, the MAC values consistently decrease with the progression of structural damage due to brace flexural buckling. However, the MAC values are still larger than 0.9 indicating a consistent correspondence. From Table 4 , at ultimate damage states associated with brace fracture, the MAC values of the second mode of vibration become less than 0.9 regardless of the employed system identification method. This is primarily attributed to the sudden loss of lateral stiffness of the corresponding CBFs due to steel brace fracture. Therefore, the MAC value shall only be used as an indicator for structural damage assessment of steel CBFs subjected to seismic intensities with a low probability of occurrence as well as moderately ductile steel CBFs (Bradley et al. 2014) . The former exhibit severe structural damage due to brace fracture; the latter typically experience non-ductile failure modes. In both cases, the extent of structural damage may potentially result into significant changes of the steel CBF lateral stiffness. However, damage detection methods that are based on mode shape changes are precluded in cases with a low density of the instrumentation (Rodgers and Ç elebi 2006) .
Wavelet-based DSFs as a damage indicator
The structural damage identification of the examined structures is evaluated through wavelet-based DSFs with different normalization methods (i.e., noted as DSF 1 and DSF 2 ). For this purpose, the first natural frequency, f 1 of the undamaged state of a structure is needed. This frequency corresponds to the scale â at which the wavelet energy is computed over time (see Sect. 2.4). For this purpose, the first natural frequency, f 1 of the test structures is obtained based on the ARX method. Due to brevity, results for selected test structures are presented in this section. Figure 11 illustrates the wavelet-based DSF 1 with respect to the corresponding ground motion intensity for the test structures examined in this paper. In the same figure, the corresponding peak SDRs of the respective structure per seismic intensity are shown in a dual plot. Referring to Fig. 11a , DSF 1 depicts the observed steel MRF structural damage due to flexural yielding of steel beams and columns and due to composite slab cracking at the 60% of the unscaled JR Takatori record. A DSF 1 = 0.3-0.4 can be employed for a peak SDR range of 0.5-1.7%. This is consistent with the 8-story steel MRF [see Fig. 11b ] as well as other steel MRF studies (Noh et al. 2012 ). Referring to Fig. 11a , even though the 4-story steel MRF collapsed with a first-story mechanism at a 100% of the JR Takatori record, the wavelet-based DSF 1 values at all floors changed remarkably. Referring to Fig. 11d , same observation holds true for the 3-story CBF that collapsed with a first story collapse mechanism due to inelastic buckling and fracture of its first-story steel braces. From Fig. 11a, d , the small differences in DSF 1 values obtained at other floors suggest that DSF 1 can only be used with confidence as a global damage indicator. Referring to Fig. 11b , the wavelet-based DSF 1 at all floors of the 8-story steel MRF increases from 0 to 1 while the intensity of the input ground motion increases. This implies that the wavelet energy at scale â (i.e., the scale corresponding to the first natural frequency) decreases while the structural damage progresses. A DSF 1 value on the order of 0.4-0.5 corresponds to a peak SDR of about 2-2.5%. This drift range is typical in steel MRFs subjected to DBE seismic intensities (ASCE 2010; NIST 2010) . Similarly, a DSF 1 value of 0.7-0.8 corresponds to at least 5% peak SDR. This drift range could be expected in steel MRFs subjected to low probability of occurrence ground motions (i.e., MCE seismic intensities). Same observations hold true for the 4-story steel MRF as shown in Fig. 11a .
Referring to Fig. 11c, d , when steel CBFs ranging from 1 to 3 stories are subjected to DBE seismic intensities, a DSF 1 value of 0.1-0.2 imply that steel brace flexural buckling is likely to occur with limited out-of-plane brace rotation (i.e., 3% out-of-plane brace rotation). This is important to note considering that at such rotations it is not easy to identify structural damage due to flexural buckling of steel braces because they may be hidden behind non-structural partition walls. For seismic intensities associated with low probability of occurrence earthquakes, a DSF 1 C 0.6 seems appropriate. At such intensities, steel brace fracture is likely to occur and therefore this is reflected in the computed DSF 1 values. Figure 12a illustrates a comparison between the wavelet-based DSF 1 and DSF 2 for the single-story CBF. From this figure, the choice of the employed DSF seems to be important for seismic intensities associated with frequently occurring seismic events (i.e., 14-28% of JR Takatori record). In such cases, DSF 2 is insensitive to moderate structural damage. The reason is that the sum of the wavelet energy at all dyadic scales [E tot (14)] may not appropriately represent the total wavelet energy of the recorded response data. This can be further explained based on the PSD of the absolute floor acceleration response history of the single-story CBF at 14% of the JR Takatori record as shown in Fig. 12b . From this figure, we can examine the power distribution of the acceleration response data over a frequency range. The pseudo-frequencies corresponding to the natural frequency of the undamaged single-story CBF and the dyadic scales are superimposed in Fig. 12b . From this figure, the power of the absolute acceleration response at the roof of the single-story CBF is concentrated near its first natural frequency. Very low or nearly zero power of the acceleration response data concentrates at pseudo-frequencies that correspond to the dyadic scales. Therefore, Eq. (12) may lead to negative wavelet-based DSF values, if dyadic scales are utilized to calculate the total wavelet energy E tot . In this case, the DSF values should be forced to be zero. When this assumption is applied to DSF 2 (i.e., noted as modified DSF 2 ) then at low seismic intensities this DSF indicates no damage. The modified DSF 2 is superimposed in Fig. 12a . Differences between DSF 1 and DSF 2 become minor at low probability of occurrence seismic intensities. In this case, the choice of the waveletbased DSF is not critical. Same observations hold true for the rest of the test structures that were examined in this paper.
4.4 Proposed wavelet-based DSF 1 to capture higher mode effect contributions Figure 13 shows the PSDs of the 8-story steel MRF for two different ground motions. It is noted from this figure that the power distribution of the acceleration response over a frequency range is significantly varied depending on the frequency content of the ground motion. At the lowest seismic intensity [i.e., S a (T 1 ,5%) = 0.1g], the building is mostly governed by the third and second modes for the 'IV79 cal' and the 'IV79chi' ground motions, respectively; therefore, the wavelet-based DSF 1 discussed by Noh et al. (2011) requires further refinement to be employed in buildings with significant contribution from higher mode effects into their seismic response. To investigate this issue, the 8-story steel MRF is further utilized. In order to determine the frequency shifting due to the higher mode effect contribution, the logarithmic difference of the PSD over the frequency range is determined based on the responses from a set of 40 ground motions relative to that extracted from a 0.1g amplitude white noise excitation for the 8-story steel MRF. The 40 ground motions represent the seismic hazard of the design location of the 8-story steel MRF and were assembled in a prior study (Medina and Krawinkler 2003) . The logarithmic difference at frequency j (e ln,j ) is determined as follows,
in which n is the number of nonlinear response history analyses conducted for the set of 40 ground motions; PSD white,j is the power spectral density at the frequency j extracted from a white noise excitation test; PSD NRHA,i,j is the power spectral density at the frequency j extracted from the ith NRHA. Figure 14 shows the logarithmic difference of the 8-story steel MRF. In this figure, the frequency, f, is normalized with respect to the first natural frequency, f 1 , of the 8-story steel MRF. Based on the fluctuation of the logarithmic difference in the power distribution of the acceleration response of the 8-story steel MRF, the power at the second and third modes shifts to 2f 1 and 4.5f 1 , respectively.
By considering the scale corresponding to 0.5f 1 , 2f 1 and 4.5f 1 , E scale(â) and total wavelet energy, E tot in Eq. (12) is modified as follows, 
It is generally known that the dynamic response of a frame building is strongly influenced from the ground motion characteristics (i.e., frequency content and/or duration). To consider the impact of ground motion uncertainty on the dynamic response of the examined buildings, Fig. 15 illustrates in a semi-log scale the scatter plot of the wavelet-based DSF 1 versus maximum SDR for the 8-story steel MRF for 10 ground motions. Referring to Fig. 15a , the scatter of SDRs is fairly wide when the original wavelet-based DSF 1 is employed. Referring to Fig. 15b , the modified wavelet-based DSF 1 reduces the variability of SDRs even at small DSF values. The refined wavelet-based DSF 1 is better correlated with the maximum SDR of the 8-story steel MRF (i.e., q = 0.69). Same conclusions hold true for steel MRFs ranging from 2-to 20-stories (Hwang and Lignos 2017 ) that were also tested but not shown here due to brevity.
Utilizing damage sensitive features for performance-based seismic assessment
In this section, an attempt is made to relate the wavelet-based DSFs discussed and thoroughly evaluated in the previous section with typical story-based EDPs that are used for structural and non-structural damage control (FEMA 2012) such as the peak SDRs, residual SDRs and peak absolute floor accelerations (PFAs). Figure 16 illustrates in a semi-log scale a scatter plot of wavelet-based DSFs versus maximum values of the aforementioned EDPs over the height of all the case studies discussed in Sect. 3. The wavelet-based DSF 1 is computed from the absolute acceleration response recorded at the roof of each structure based on Eq. (18). In the same figure, an exponential fit is superimposed as well as the Pearson correlation coefficient q of the wavelet-based DSF with respect to the maximum EDP values. From Fig. 16 , the refined DSF 1 is well correlated with the maximum SDRs and residual SDRs and therefore it has the potential to be used as a global damage indicator. Referring to Fig. 16 , the EDP-DSF relation is exponential. At low seismic intensities that the examined case studies remain elastic; thus, the DSF values are nearly zero (i.e., DSF \ 0.1). However, while the ground motion intensities increase the corresponding EDPs also increase as expected. This is also indicated by a smooth increase in DSF values. Once the steel frame buildings approach the point that they lose their lateral load resistance (i.e., dynamic instability occurs) then the DSF values rapidly approach unity. Figure 16b suggests that the wavelet-based DSFs may be utilized as global indicators for the potential building demolition in the aftermath of an earthquake. This decision is normally related to the expected residual SDRs (FEMA 2012) . To further expand these findings, Fig. 17 illustrates the same semi-log scale scatter plot for the 8-story steel MRF. The available data shown in this figure were produced by rigorous NRHAs with a set of 40 ground motions as discussed earlier. From these figures, it is evident that the refined DSF1 has the potential to be employed for predicting story-based EDPs at a given seismic intensity. This is ellaborated in detail in Hwang and Lignos (2017) in which a mapping of EDPs with DSF1 is established for steel MRFs subjected to earthquake excitations and therefore such DSFs can facilitate building-specific and city-scale nonmodel based earthquake-induced risk and loss assessment.
Summary and conclusions
This paper evaluated a number of nonmodel-based approaches that are currently employed in structural health monitoring (SHM) to infer the structural damage state in the aftermath of an earthquake. In particular, three widely used system identification algorithms were considered including the frequency domain decomposition, the autoregressive with exogenous term (ARX) method and the subspace system identification (N4SID) approach to quantify the changes in the dynamic properties of a building (i.e., natural frequency, damping ratio and mode shapes) due to structural damage. The potential of such properties to be used as damage indicators was examined. Wavelet-based damage-sensitive features (DSFs) were also considered. The assessment of the aforementioned techniques was conducted on the basis of landmark test data from full-scale shake table experiments complemented with nonlinear simulations of steel moment-resisting frames (MRFs) and concentrically braced frames (CBFs). The findings were grouped per lateral load-resisting system. The results suggest that the observed changes in natural frequencies do not differ by more than 20% even at ultimate limit states associated with structural collapse in capacitydesigned steel MRFs in which structural damage is mostly attributed to flexural yielding and local buckling. These are deemed to be ductile failure modes according to modern seismic code provisions around the world. This finding does not seem to be influenced by the type of collapse mechanism observed in steel MRFs (i.e., weak-story vs. full-frame). Contrary to steel MRFs, large shifts in natural frequency are observed in code-compliant steel CBFs in which the damage progression is typically associated with a rapid loss of lateral stiffness due to steel brace buckling and fracture.
The equivalent damping ratio typically increases while the structural damage progresses with increasing ground motion intensity. This is mainly attributed to the increase of hysteretic damping due to flexural yielding and brace buckling of structural components in steel MRFs and CBFs, respectively. In this case, the choice of the system identification algorithm is important. It was found that the N4SID method provides more stable results compared to the FDD method. Therefore, the equivalent damping ratios may provide insights for the damage progression of steel frame buildings if friction damping is fairly minimal. It was found that the equivalent damping ratio seems to be insensitive to ultimate damage states associated with steel brace fracture.
Although the steel MRFs were subjected to low-probability of occurrence ground motions that triggered structural collapse, the mode shape changes based on the modal assurance criterion (MAC) did not seem to be significant. This criterion seems to infer reasonably well the ultimate damage states associated with brace fracture of steel CBFs in which a sudden lateral stiffness loss is to be expected.
Wavelet-based DSFs seem to be promising when they are employed as global damage indicators regardless of the lateral load-resisting system of the respective steel frame building. A refined wavelet-based DSF is proposed that captures reasonably well the contribution of higher mode effects in cases that are deemed to be important. Through a number of illustrative examples, it was confirmed that wavelet based DSFs are correlated with story-based engineering demand parameters of both steel MRFs and CBFs at a given seismic intensity of interest.
